Introduction
============

Atherosclerosis of the carotid artery is considered a useful marker of cardiovascular disease (CVD). Carotid intima media thickness (CIMT) as a surrogate marker of morphological pathology has frequently been employed for risk stratification of CVD by use of carotid ultrasound (CUS).[@B1] Prior studies have documented both CIMT and parameters of arterial stiffness are associated with hypertension (HTN) coronary atherosclerosis, stroke, and cardiovascular mortality.[@B2][@B3][@B4][@B5] Further still, CIMT is routinely recommended for evaluation of end organ damage in patients with HTN based on current guidelines.[@B6] CIMT reflects the morphological changes of the arterial wall which associated with atherosclerosis, while the parameters of arterial stiffness tend to reflect the functional properties of the carotid arteries and display changes prior to the development of structural alterations of the arterial wall including increased CIMT or carotid plaque.[@B7] Arterial stiffness can be measured non-invasively by B-mode ultrasound while utilizing specialized software.[@B8] To date, however, the prognostic utility of functional analysis of the carotid artery to the conventional CIMT measurement remains to be fully understood. Notably, the strain imaging with speckle tracking method measures multi-directional movement throughout the cardiac cycle, and is capable of directly analyzing the elasticity of the carotid artery. Therefore, in this study, we sought to examine the additional value of multi-directional functional mechanics of the carotid artery in relation to cardiovascular risk.

Methods
=======

Study population
----------------

Among a consecutive series of 419 patients who visited a single cardiology outpatient clinic, 18 patients were excluded due to a history of carotid stenting (n = 3), and diffuse multiple carotid plaque (n = 15). In total, 401 consecutive patients who were enrolled from January 2010 to April 2013 underwent CUS. All patients were analyzed for multi-directional mechanics of the carotid artery, using the speckle-tracking technique.

Cardiovascular risk stratification
----------------------------------

The Framingham risk score (FRS) was calculated for all patients. [@B9] Cardiovascular risk factors such as a history of HTN, diabetes mellitus (DM), and smoking were obtained by review of medical records.

HTN was defined as blood pressure (BP) ≥ 140/90 mm Hg by brachial BP or the use of antihypertensive medications. DM was defined as a fasting glucose level ≥ 126 mg/dL or random glucose level \> 200 mg/dL, with symptoms of hyperglycemia such as polydipsia or polyuria, or the use of an oral hypoglycemic agent or insulin. Smoking was calculated as the number of pack-years and categorized into three groups including: non-smoker, ex-smoker and current smoker. A high risk of CVD was defined as more than 20% of 10-year risk based on FRS.

Carotid ultrasonography and analysis of multi-directional movement
------------------------------------------------------------------

High-resolution B-mode CUS was performed using linear array transducer (nominal band width of 3--12 MHz) with 8 MHz center frequency \[iE33 echo machine (Philips Medical Systems, Andover, MA, USA) or Vivid7 scanner (GE Medical-Systems, Horten, Norway)\]. To measure accurately the movement of carotid artery, the view angle was reduced to acquire a high frame rate, which was above 120 fps. Both common carotid arteries (CCA) were examined with the head tilted slightly upward in the midline position. At least two consecutive beats were stored and the multi-directional movement of the carotid artery data was analyzed by arterial analysis software (Samsung Medison Co., Ltd., Seoul, Korea).

The arterial analysis software evaluates the functional ability of the vessels by calculating automatically the displacements of the wall motion. The user defined control points, which represent the wall of the vessel at an arbitrary frame, are tracked automatically based on an optical flow algorithm.[@B10] To track the motion with stability, the control points are constrained to maintain the global shape and to move within a local range. The tracking performance was evaluated by two experiments. The first experiment was conducted to assess the accuracy of the tracking algorithm by using a synthetic data. The phantom of the dynamic vessel, at both longitudinal and transversal view, was made by using an ultrasound simulator. The second experiment was conducted to evaluate the tracking ability on various clinical data by comparing the manually and automatically measured diameter differences (ΔD).

The mean value of CIMT was measured semi-automatically at the CCA in the longitudinal plane where the plaques were not included at end-diastole phase, at least 5 mm proximal to the carotid bulb, and approximately 10 mm in CCA length. The mean value of CIMT at CCA was measured and the average value of CIMT in the right and left CCA was used in analysis. The carotid plaque was defined as a focal structure protruding into the arterial lumen of at least 1.5 mm or 50% of the surrounding IMT value. For analysis, images of the patients presenting with carotid plaque were acquired at another close location at the common carotid artery where the plaques were not included. A minimum of four speckles on the carotid artery wall were identified and the movements of each speckle during the cardiac cycle were traced at the near and far walls.

Parameters for assessment of multi-directional movement of the carotid artery
-----------------------------------------------------------------------------

For the study analysis, at least 5 mm of the CCA below the origin of the carotid bulb was used. Both near and far wall interfaces defining the blood-intima boundaries or carotid artery were manually traced from a still frame image and automatically tracked by the software. Based on the speckle-tracking technique, longitudinal and radial movements of the carotid artery were calculated automatically in the longitudinal plane. In addition, peak longitudinal and radial displacements, strain, and strain rate were measured. Parameters of arterial stiffness such as arterial compliance, distensibility, elastic modulus, and beta stiffness index were calculated using arterial analysis software from the radial measurements. Central BP was used for calculation of the formula. Central BP was measured with pulse wave analysis of the radial artery using tonometry (SphygmoCor, AtCorMedical, Sydney, Australia) by trained technician. The measurements were obtained at the wrist after subjects had rested for 5 min in the supine position. From the radial signal, the SphygmoCor software calculates the aortic pulse wave by means of a generalized transfer function. The central BPs were derived from the aortic pulse wave.

Arterial compliance is the absolute change in vessel diameter for a given change in pressure \[e.g., difference between diastolic diameter and systolic diameter (ΔD) / difference between systolic blood pressure (SBP) and diastolic blood pressure (DBP) (ΔP)\]. Distensibility is the relative change in vessel diameter for a given change in pressure {e.g., ΔD / \[ΔP × vessel diameter in diastolic phase (D)\] mm Hg--}. Elastic modulus index is the pressure change required for theoretical stretch from resting diameter \[e.g., (ΔP × D) / ΔD mm Hg\] ([Fig. 1](#F1){ref-type="fig"}). Beta stiffness index is the ratio of the natural logarithm of systolic/diastolic blood pressure to relative change in diameter \[log (SBP/DBP) / (ΔD/D)\].[@B11][@B12][@B13][@B14] All parameters of arterial stiffness were automatically calculated using arterial analysis software ([Fig. 2](#F2){ref-type="fig"}).

Statistical methods
-------------------

Continuous variables are expressed as mean ± standard deviation. Differences in clinical data, parameters for multi-directional mechanics of the carotid artery, CIMT and the presence of carotid plaque between patients with and without high risk of CVD were assessed using the χ^2^ test and independent t-tests. A binary logistic regression analysis was performed to assess the association of the high-risk group according to the FRS with sex, age, HTN, DM, carotid plaque, CIMT, and variable parameters for assessment of multi-directional movement of the carotid artery. In additional analysis, we used receiver operating characteristic (ROC) curves to determine the cut-off values of predictors. All statistical analysis was performed using the statistical software program SPSS for Windows (version 18.0; SPSS Inc., Chicago, IL, USA). A two-sided *p*-value of ≤ 0.05 was considered significant.

Results
=======

Study populations
-----------------

The mean age of patients was 62 ± 11 years and 69% (n = 276) were men. Among 401 study patients, 13% (n = 52) were at high risk of CVD according to FRS ([Table 1](#T1){ref-type="table"}). The study population was divided into a high-risk group and a non-high risk group based on FRS. The patients within the high-risk group tended to be older than patients belonging to the non-high risk group (mean age: 70.3 ± 7.6 years vs. 60.5 ± 10.9 years, *p* \< 0.001). Further, the high-risk group had a larger male-to-female ratio than the non-high risk group \[e.g., 96% (n = 50) vs. 65% (n = 226), *p* \< 0.001\]. Likewise, there were more smokers in the high-risk group than in the non high-risk group \[96% (n = 50) vs. 52% (n = 183), *p* \< 0.001\] ([Table 2](#T2){ref-type="table"}). Conversely, there were no significant differences in HTN or DM between groups.

Carotid ultrasound findings
---------------------------

Carotid plaques were identified in 79% of the high-risk group patients and there were more carotid plaques in the high-risk group than in the non high-risk group. Mean CIMT was 0.93 ± 0.19 mm in the high-risk group and 0.77 ± 0.18 mm in the non high-risk group (*p* \< 0.001). Among the parameters of arterial stiffness, elastic modulus index, beta stiffness index and longitudinal displacement were found to be significantly larger in the high-risk group than in the non high-risk group. On the other hand, longitudinal and radial strain showed no significant differences between groups ([Table 3](#T3){ref-type="table"}).

Independently associated factors of Framingham high risk
--------------------------------------------------------

In multivariate logistic regression, CIMT and elastic modulus index were independently associated with a high risk of CVD {odds ratio (OR): 1.810 \[95% confidence interval (CI) 1.249--2.622\] and OR: 1.767 (95% CI: 1.177--2.652); *p* = 0.002, 0.006, respectively} ([Table 4](#T4){ref-type="table"}). The intra- and inter-class correlation coefficient of elastic modulus index between the 10 selected cases was 0.95 and 0.93, respectively.

Furthermore, given the remarkable differences encountered in men and women, we analyzed multiple logistic regression separately in men and women. In men, CIMT and elastic modulus index were independently associated with a high risk of CVD (OR: 1.383 and OR: 1.795; *p* \< 0.001, 0.001, respectively). However, there are only two people of high risk in women, and there were no parameter of arterial stiffness which have significant association with high risk of CVD in women.

Since ultrasound biomarkers of CV risk are useful in low to intermediate CV risk, we analyzed FRS as continuous variable while excluding those in the high risk group. When analyzing the linear regression model excluding high-risk patients, CIMT and elastic modulus remained associated with continuous FRS.

In additional analyses, we evaluated the association of ultrasonographic parameters of the carotid artery with high risk of CVD by use of a ROC curve. In [Fig. 3](#F3){ref-type="fig"}, the area under the ROC curve for elastic modulus index (0.712, 95% CI: 0.639--0.785) is similar with that of CIMT (0.737, 95% CI 0.668--0.805).

Given CIMT is a well-known parameter with respect to CVD, we subsequently compared the area under the curve (AUC) of CIMT with the AUC of CIMT in combination with elastic modulus index to determine the high-risk group of CVD. We found the latter combination of CIMT and elastic modulus index had a significantly greater AUC for the high-risk group of CVD than CIMT alone (e.g., AUC: 0.794 vs. 0.737, *p* = 0.002) ([Fig. 4](#F4){ref-type="fig"}). Further still, the combination of CIMT and elastic modulus index correlated with CVD more so than CIMT alone.

Discussion
==========

The current study set out to evaluate the added value of multi-directional functional mechanics of the carotid artery with regards to cardiovascular risk. The main findings were that 1) multi-directional mechanics of carotid artery were capable of being analyzed by speckle tracking; 2) the elastic modulus index of the carotid artery and CIMT were independently associated with the high-risk CVD group; and 3) the elastic modulus index of the carotid artery have additional value in terms of relationship with high-risk CVD.

The value of speckle tracking method for analysis of arterial stiffness
-----------------------------------------------------------------------

This study evaluated the ultrasonographic speckle-tracking-based strain values, the parameters of arterial stiffness, and their relationship with the high risk of CVD in patients who underwent CUS. The multi-directional mechanics of the carotid artery including strain values and the parameters of arterial stiffness were assessed using speckle-tracking software. Numerous previous studies have attempted to report the relationship between atherosclerotic CVD and arterial strain by using the speckle-tracking method. Indeed, one study documented that the change in elastic properties as a consequence of aging could be successfully evaluated with carotid arterial strain values acquired by the speckle tracking method.[@B15] More recently, several other studies have reported that ultrasound-based carotid arterial strain can be measured using speckle tracking,[@B16][@B17] and that carotid arterial strain measured using speckle tracking was lower in patients with DM. To this end, speckle tracking may be a more sensitive measure than more conventional methods of the carotid artery.[@B18] Recent studies have also assessed the longitudinal movement of the CCA wall with B-mode ultrasound imaging *in vivo* using a speckle tracking method.[@B19] In this study, the longitudinal and radial movement of the carotid artery including strain values and the various parameters of arterial stiffness were assessed using a longitudinal view of the carotid artery. Arterial stiffness measures can be assessed from CUS with a relatively simple additional analysis of arterial movement by speckle tracking method. Advances in imaging technology of CUS may allow for more accurate estimation of the arterial dimensions in multiple planes, thus further improving assessment of arterial stiffness. Therefore, the measurement of multi-directional functional properties of the carotid artery using a speckle tracking technique may serve as a useful tool for providing incremental information beyond the conventional B-mode ultrasound for risk stratification of CVD.

The relationship between arterial stiffness and cardiovascular disease
----------------------------------------------------------------------

In this study, the elastic modulus index, beta stiffness index, and longitudinal displacement were significantly larger in the high-risk group as compared with the non high-risk group. Many previous studies reported that these parameters of arterial stiffness were associated with a heightened risk of CVD. Blacher et al.[@B20] reported that the increased elastic modulus is a strong predictor of cardiovascular mortality in patients with end stage renal disease. Riley et al.[@B21] demonstrated that Young\'s elastic modulus provided more information into the development of CVD in a large population-based study. Carotid distensibility has been regarded as a novel parameter for CVD in population-based cohorts, including the Atherosclerosis Risk in Communities Study,[@B22] Second Manifestations of Arterial Disease, the Rotterdam Study,[@B23] the Baltimore Longitudinal Study of Aging, and the Multiethnic Study of Atherosclerosis.[@B24] Another recent study showed that the severity of coronary artery disease was significantly correlated with strain and strain rate.[@B7] With aging, the functional and structural changes in the carotid artery characteristic of stiffness lead to increases in SBP, which usually results in a slight decrease in DBP, and a marked increase in pulse pressure. For these reasons, it is possible that the elastic modulus index and beta stiffness index were found to increase with aging and high risk of FRS in this study.

The relevance of measuring functional impairments of the artery before structural change in early stage atherosclerosis
-----------------------------------------------------------------------------------------------------------------------

Functional impairments of the arterial wall may appear in the early stages of atherosclerosis before the occurrence of detectible structural changes, as well as prior to the development of clinical symptoms of CVD.[@B25] Conventional methods for the measurement of arterial stiffness such as the elastic modulus and distensibility[@B26] showed early changes before the development of clinical symptoms or visible atherosclerotic plaques.[@B26][@B27] Foremost, early detection of functional impairments may provide more effective approaches for the prevention of CVD. In addition, traditional risk factors often fail to predict major cardiovascular events.[@B28] Thus, new indices of early arterial wall alteration appear necessary. In this study, elastic modulus index was independently associated with high risk of CVD after adjusting for CIMT and the presence of carotid plaque.

The elastic modulus index provided additional predictive value above CIMT for the association with high risk of CVD. The elastic modulus has previously been reported as a strong predictor of cardiovascular mortality,[@B20] which could provide further information towards the development of CVD.[@B21] This study also demonstrated that the value of the AUC significantly improved after combining CIMT with elastic modulus index (AUC 0.556 vs. 0.683, *p* = 0.002) ([Fig. 3](#F3){ref-type="fig"}), indicating that the combination of these parameters may prove useful for improving the ability to define a high risk of CVD prior to the occurrence of a cardiovascular event.

Limitations
-----------

The present study has some limitations that should be emphasized. The retrospective design and single-center nature of the study limited our analysis. Assessments of multi-directional mechanics along the longitudinal plane only were recorded. In addition, stiffness measurements were estimated using data from the CCA and only reflect the characteristics of that region of the carotid artery. In total, only 13% of the study participants comprised the high-risk CVD group, which is perhaps relatively small compared to the general population. Thus, the current study findings may not be fully representative of the characteristics of strain values and arterial stiffness in the general population. Further, the high-risk group consisted of relatively more men than the non-high risk group. Men tend to have a larger diameter of carotid artery than women, which may have also affected the value of elastic modulus. Last, there were no parameter of arterial stiffness which have significant association with high risk of CVD in women group because only two people of high risk were in women group.

Conclusion
----------

The findings of this study indicate that a larger elastic modulus index is associated with a high risk of CVD. The combination of CIMT and elastic modulus index significantly improved the ability to define a high risk of CVD in its early stage, before the occurrence of a cardiovascular event. The supplementary assessment of the mechanical property with CIMT by specialized software lended additional value than that of the CIMT measurement alone. The assessment of mechanical property of the carotid artery can be performed relatively quickly and calculated automatically by software. Based on the current study findings, measuring the mechanical property of the carotid artery wall by speckle tracking method has potential to provide useful information towards risk stratification of CVD.
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![Examples of carotid echocardiographic data from B-mode (left) and longitudinal strain curves of the carotid artery by speckle-tracking imaging (right) in a 45-year-old woman belonging to the non high-risk group (A) and a 48-year-old woman in the high-risk group (B). IMT: intima media thickness.](jcu-24-215-g002){#F2}

![Receiver operating characteristic (ROC) curves for CIMT (A) and elastic modulus index (B). IMT: intima media thickness, CIMT: carotid intima media thickness.](jcu-24-215-g003){#F3}

![Receiver operating characteristic (ROC) curves for CIMT, elastic modulus index and CIMT + elastic modulus index. \*IMT = 0.7367, †Elastic modulus = 0.7122, ‡IMT + elastic modulus = 0.7943. IMT: intima media thickness, CIMT: carotid intima media thickness.](jcu-24-215-g004){#F4}

###### Baseline characteristics of study populations
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Data are expressed as number (%) or mean ± standard deviation. SBP: systolic blood pressure, DBP: diastolic blood pressure, HTN: hypertension, DM: diabetes mellitus, HDL: high density lipoprotein, FRS: Framingham risk score, IMT: intima media thickness

###### Comparison of baseline characteristics according to the risk of CVD
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Data are expressed as number (%) or mean ± standard deviation. BMI: body mass index, HTN: hypertension, DM: diabetes mellitus, HDL: high density lipoprotein, LDL: low density lipoprotein, hsCRP: high sensitive C-reactive protein, ACEi: angiotensin converting enzyme inhibitor, CCB: calcium channel blocker, CVD: cardiovascular disease

###### Comparison of parameters on carotid ultrasound according to the risk of CVD
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Data are expressed as number (%) or mean ± standard deviation. IMT: intima media thickness, CVD: cardiovascular disease

###### Results from logistic multiple regression analysis of association with high risk group
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Data are expressed as number (%) or mean ± standard deviation. IMT: intima media thickness, CI: confidence interval
